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The unicellular parasite Trypanosoma brucei
rapidly removes host-derived immunoglobulin
(Ig) from its cell surface, which is dominated by
a single type of glycosylphosphatidylinositol-
anchored variant surface glycoprotein (VSG).
We have determined the mechanism of anti-
body clearance and found that Ig-VSG immune
complexes are passively sorted to the posterior
cell pole, where they are endocytosed. The
backward movement of immune complexes
requires forward cellular motility but is inde-
pendent of endocytosis and of actin function.
We suggest that the hydrodynamic flow acting
on swimming trypanosomes causes directional
movement of Ig-VSG immune complexes in the
plane of the plasmamembrane, that is, immuno-
globulins attached to VSG function asmolecular
sails. Protein sorting by hydrodynamic forces
helps to protect trypanosomes against comple-
ment-mediated immune destruction in culture
and possibly in infected mammals but likewise
may be of functional significance at the surface
of other cell types such as epithelial cells lining
blood vessels.
INTRODUCTION
In the fluid mosaic model of Singer and Nicolson (1972), in-
tegral membrane proteins move by Brownian motion un-
less specific interactions lead to their aggregation. Sorting
in the plane of the membrane involves specific protein-
protein interactions, a classic example being the forma-tion of the purple membrane composed of bacteriorho-
dopsin in Halobacteria, or complex formation with compo-
nents on the inside or outside of the cell, such as the
recruitment of receptors in clathrin-coated vesicles or
the clustering of T cell receptors on CD4 cells in the con-
tact area with B cells.
The possibility of molecular sorting on cell surfaces in-
duced by the hydrodynamic shear force that acts on cells
from flow of the external medium such as on cells in the
mammalian circulation or on actively swimming unicellular
organisms has, to our best knowledge, not been consid-
ered. However, the study of effects of shear stress on cells
is an active field of investigation (see, for example, Fache
et al., 2005; Phan et al., 2006; Tzima, 2006).
In this manuscript, we describe a sorting phenomenon
on the surface of the unicellular hemoflagellate Trypano-
soma brucei, which appears to use hydrodynamic flow
force as part of its strategy for evasion from the mamma-
lian humoral immune system. African trypanosomes
cause persistent infections with a fluctuating parasitemia,
which entails at least three different survival strategies.
First and most important is antigenic variation of the sur-
face coat (Cross, 1996). The trypanosome cell surface is
covered with a monolayer of the variant surface glycopro-
tein (VSG) that acts as a physical barrier to the host
immune system. Antigenic variation is centered on the
exclusive expression of a single VSG gene and low-
frequency, stochastic switching from expression of one
VSG gene to another from a genomic repertoire of many
hundreds. The newly expressed VSG is antigenically
novel, and the cell proliferates until the host mounts a suf-
ficient immune response (Barry and McCulloch, 2001).
Second, immunosuppression results from a dramatic re-
pression of stimulatory components by unknown mecha-
nisms (Donelson et al., 1998). Third, clearance of surface-
bound antibodies is effective at low to moderate antibody
concentrations but is not sufficient to protect the cells atCell 131, 505–515, November 2, 2007 ª2007 Elsevier Inc. 505
Figure 1. Host-Derived Antibodies Are
Removed from the Cell Surface of Blood-
stream Stage Trypanosoma brucei
(A) Schematic representation (drawn to scale)
of IgG and IgM molecules bound to the try-
panosome variant surface glycoprotein (VSG)
coat (left). VSGs are homodimers (monomers
in light blue and purple) that are attached to
the plasma membrane via GPI anchors (right).
(B) Visualization of antibody removal. Cells
were surface labeled with blue-fluorescent
AMCA-sulfo-NHS and incubated at a density
of 108 cells/ml for 10 min on ice with 0.1 mg/ml
VSG-specific IgG, resulting in antibody label-
ing of 0.26% of all VSG dimers on the plasma
membrane. Following 0-3 min of incubation at
37C, cells were chemically fixed and permea-
bilized. Anti-VSG antibodies were detected
with species-specific Alexa Fluor 488-conju-
gated second antibodies (green). Open arrows
indicate the position of the flagellar pocket, and
filled arrows point to the lysosome. Scale bar,
3 mm.high antibody titers (McLintock et al., 1993). Antigenic var-
iation and immunosuppression favor the long-term persis-
tence of an infecting population, whereas clearance of
surface-bound immunoglobulin may support the survival
of individual cells during the emergence of a specific
humoral immune response (Stevens and Moulton, 1978;
Barry, 1979; Balber et al., 1979; Webster et al., 1990;
Russo et al., 1993; O’Beirne et al., 1998), possibly favor-
ing transmission by the insect vector. The experiments
presented in this study suggest an unusual mechanism
for the clearance of antibodies from the surface of the
parasite.
RESULTS
Antibody-VSG Complexes Are Sorted on the Cell
Surface Prior to Localized Endocytosis
Antibodies that recognize VSG can bind over the entire
trypanosome cell surface but can only be endocytosed
through the flagellar pocket, the sole site for endocyto-
sis and membrane recycling (Engstler et al., 2004; Over-
ath and Engstler, 2004). To visualize this process in live
cells, cell-surface VSG (Figure 1A) was labeled with
a membrane-impermeable blue-fluorescent dye; the
cells were then exposed to VSG-specific immunoglobu-
lin G (IgG) antibodies such that 1 in 400 VSG dimers
formed an IgG-VSG complex. Both the VSG labeling
and antibody binding were performed at 0C, and at
this temperature, there was no endocytosis of the
VSG or IgG, and all IgG-VSG remained on the cell
surface. The cells were then warmed to 37C, and the506 Cell 131, 505–515, November 2, 2007 ª2007 Elsevier Inc.location of the IgG was determined over a time course
by immunofluorescence microscopy (Figure 1B). Initially
(0 s), IgG-VSG homogenously covered the cell body and
flagellum but was not detectable in the flagellar pocket.
Upon warming to 37C, the antibodies entered the fla-
gellar pocket (Figure 1B). Remarkably, the clearance of
IgG-VSG from the cell surface was directional, and
within 30–60 s all IgG-VSG had been sorted to the pos-
terior end of the cell, where there was transient accu-
mulation before uptake by endocytosis via the flagellar
pocket (Figure 1B; 80–120 s) and transport to the lyso-
some (Figure 1B; 140 s). The individual steps of IgG-
VSG removal, namely movement to the posterior end,
entry into the flagellar pocket, and endocytosis, are
characterized by distinct temperature dependencies
(Figure 2). IgG-VSG accumulated at the posterior pole
at temperatures between 12C and 37C, while access
to the flagellar pocket and endocytosis were slowed
down at 24C and were essentially halted at lower tem-
peratures.
The intracellular fate of the IgG and VSG was deter-
mined using 3D fluorescence microscopy and quantitative
colocalization analyses with organelle-specific marker
proteins. The majority of IgG was transported to the lyso-
some, where the IgG was degraded (O’Beirne et al., 1998;
Pal et al., 2003), whereas the VSG was recycled to the cell
surface (Figure S1). Thus, the directional movement of cell
surface IgG-VSG toward the posterior end of the cell and
the subsequent rapid endocytosis (Engstler et al., 2004)
provides a very efficient mechanism to clear immune
complexes from the cell surface.
Rapid Antibody Clearance Protects Bloodstream
Stage Trypanosomes from Complement-Mediated
Lysis
The single-cell experiments suggested that the removal
of IgG-VSG from the trypanosome surface is much faster
than previously described (Russo et al., 1993). Flow cy-
tometry was used to analyze IgG-VSG clearance in a pop-
ulation, and the half-times measured were similar to those
obtained in single-cell experiments: 35 s for a polyvalent
anti-VSG IgG and 43 s for a monoclonal IgG (Table 1).
The experiments above were performed with proliferat-
ing trypanosomes, which have a slender morphology.
The analysis was repeated with trypanosomes with a
‘‘stumpy’’ morphology, which have arrested in G1 of the
cell cycle, a natural response to high cell density. A pre-
dominantly stumpy population cleared IgG-VSG from
the cell surface with a half-life of 20 s, about twice as
fast as determined for slender trypanosomes (Table 1).
Although the rate of directional movement of IgG-VSG
toward the posterior end of the cell was similar in both
cell types, the stumpy trypanosomes showed little or
no posterior accumulation of antibody complexes. The
Figure 2. The Removal of Antibodies from the Trypanosome
Cell Surface Is a Three-Step Process that Is Characterized
by Distinct Temperature Sensitivities
(A) Rapid accumulation of IgG-VSG at the posterior pole of trypano-
somes occurs at temperatures ranging from 12C to 37C.
(B) While at 37C IgG-VSG gains access to the flagellar pocket, the en-
try into this compartment is delayed or impeded at lower temperatures.
(C) Endocytosis of IgG-VSG reveals a similar temperature sensitivity as
the entry into the flagellar pocket. Black squares, 37C; white triangles,
24C; white squares, 18C; white diamonds, 12C; white circles, 6C.simplest explanation for the lack of posterior accumula-
tion in stumpy cells is that the endocytic rate is higher
and is sufficient to remove IgG-VSG as it arrives at the
posterior pole. This model is consistent with the larger
flagellar pocket and higher rate of endocytosis observed
in stumpy forms (Engstler et al., 2004; and data not
shown).
The next experiment tested whether the rapid clearance
of IgG-VSG from the cell surface was protective against
antibody-mediated complement lysis. Trypanosomes
were incubated with varying concentrations of anti-VSG
IgG on ice and warmed to 37C, and then complement
was added over a time course and cell viability was as-
sayed 25 min after complement addition (Figure 3A). The
results demonstrated that preincubation at 37C before
complement addition rendered the IgG-loaded cells resis-
tant to complement. Even at the highest IgG concentra-
tions tested, incubation for 10 min at 37C was sufficient
to make the trypanosomes fully resistant to antibody-
mediated complement action. The length of incubation at
37C required to protect the cells was inversely related
to the amount of IgG loaded onto the cells (Figure 3A).
Therefore, up to a certain antibody concentration, surface
clearance of IgG-VSG provides a means to escape com-
plement-mediated lysis. The same assay was used to
compare the degree of protection against complement
in stumpy and slender cells. The stumpy cells became
resistant to complement more rapidly than slender
cells, consistent with their higher rate of endocytosis











Monomorphic 35.3 ± 4.6 +
Pleomorphic, slender 36.2 ± 1.8 +
Pleomorphic, stumpy 19.7 ± 2.1 a
Monoclonal IgG 42.9 ± 4.6 +
F(ab0)2 167.1 ± 19.8 
Fab 193.6 ± 15.7 
TAC 18.3 ± 1.3 +
TAC + dextran 17.0 ± 2.4 +
IgM 13.4 ± 3.2 +
Streptavidin 168.1 ± 6.8 
If not otherwise stated, all experiments were done with mono-
morphic bloodstream stage T. brucei. The percentage of
surface VSG labeling was 1% for all ligands. The rates were
calculated from graphs shown in Figure S2.
a No posterior accumulation of IgG was observed, corre-
sponding to the faster endocytic uptake in stumpy stage cells
compared to slender cells.Cell 131, 505–515, November 2, 2007 ª2007 Elsevier Inc. 507
Figure 3. The Removal of Antibodies from the Cell Surface Renders T. brucei Resistant to Complement-Mediated Lysis
Semiautomated analysis of complement-mediated lysis of bloodstream stage trypanosomes was carried out by fluorescence threshold segmenta-
tion of microscopic images. Live cells were fluorescently stained at the surface with AMCA-sulfo-NHS. This blue-fluorescent dye specifically labels
cell surface protein of living cells. In dying or dead cells the compound has access to the cytosol, resulting in a bright blue fluorescence of the entire
cell body. Images with 20 to 30 trypanosomes each were segmented using the edge criterion, which is based on the intensity properties of the struc-
ture. The result was a masked image with two distinct groups of objects (living and dead cells), which were automatically scored and counted by an
IPLab software script.
(A) The acquisition of resistance to guinea pig complement depends on the concentration of anti-VSG IgG (0.1, 0.5, and 1 mg/ml; corresponding
to fractional VSG labeling of 0.26%, 2.6%, and 9.2%, respectively).
(B) Cell cycle-arrested stumpy stage trypanosomes remove VSG-antibody complexes faster than proliferating slender stage cells (0.8 mg/ml;
percentage of VSG molecules labeled: stumpy cells, 3.3%; slender cells, 3.1%).
(C) Directional cellular motility and endocytosis both are required for complement resistance. Complement resistance is shown as a function of an-
tibody concentration for wild-type cells and cells where either the clathrin heavy chain (CLH) or the Fla1 protein has been downregulated by RNAi.
Values are means ± SEM (n = 4).(Figure 3B; McLintock et al., 1993). All experiments used
a batch process of antibody binding and clearance to
facilitate measurements of half-lives.
Sorting of Antibody-VSG Complexes on the Cell
Surface Is Independent of Endocytosis
but Requires Cellular Motility
What causes the rapid movement of IgG-VSG to the pos-
terior end of the cells? First, the process is active, as the
directional movement toward the posterior was reduced
by increasing concentrations of the metabolic inhibitor
2-deoxyglucose and was absent in energy-depleted, im-
motile cells, which remained uniformly coated with IgG
(data not shown). Second, the accumulation of IgG-VSG
at the posterior end is independent of endocytosis.
RNAi-mediated knockdown of clathrin heavy chain
causes a block of all endocytic traffic and an increase in
the size of the flagellar pocket due to ongoing exocytosis
(Allen et al., 2003; Overath and Engstler, 2004). In clathrin-
depleted cells, IgG-VSG still concentrated at the posterior
of the cell near the flagellar pocket with the same kinetics
as control cells but was not internalized (Figures 4A and
4B, middle panels). A block of plasma membrane recy-
cling was previously demonstrated in trypanosomes de-
pleted of actin by RNAi (Garcia-Salcedo et al., 2004).
While blocking endocytic traffic, the absence of actin
had an effect neither on the movement of IgG-VSG to
the posterior pole of the trypanosome (Figure 5A) nor on
the motility of the cell. Because redistribution of immune
complexes was independent of endocytosis and actin,
a force must be applied outside the cell. Therefore, we508 Cell 131, 505–515, November 2, 2007 ª2007 Elsevier Inc.tested the hypothesis that the force causing IgG-VSG
directional movement originates from cell motility.
When placed in serum, T. brucei cells swim continu-
ously with an average speed of 20 mm s1 with a direc-
tional, drill-like motion. The directional swimming is de-
pendent on the single flagellum, which emerges from the
flagellar pocket, is attached to the cell body, and extends
beyond the anterior pole of the cell. Thus, the flagellum
points in the direction of movement, and the flagellar
pocket is located at the posterior end of the cell body. Try-
panosome movement in standard culture medium con-
taining 10% serum is deceptive. Culture medium is not
as viscous as blood, the natural milieu, and at any one
time one-third of all cells were swimming, but two-thirds
tumbled. In culture media, the fraction of cells showing di-
rectional movement of cell surface IgG-VSG was 44%. In
fluids of higher viscosity, such as undiluted serum, or in
the presence of obstacles, such as blood cells, up to
90% of trypanosomes swam directionally, and all showed
posterior IgG-VSG accumulation (Table S1).
Inducible RNAi-mediated knockdown of the FLA1 gene
was used to ablate trypanosome swimming (LaCount
et al., 2002), and the effect on the directional movement
of IgG-VSG was determined (Figure 4). The FLA1 protein
is essential for connecting the flagellum to the cell body,
and its downregulation by RNAi results in detachment of
the flagellum and loss of directional cell motility (LaCount
et al., 2002). In the noninduced control cells, about 80% of
the IgG-VSG accumulated at the posterior fifth of the cell
surface within 0.5 min (Figure 4A, upper panel). Within 3
min all IgG-VSG disappeared from the posterior end and
was then located in the lysosome (Figure 4B, upper panel).
Figure 4. The Removal of Antibodies from the Trypanosome Cell Surface Requires Endocytosis and Cellular Motility
Trypanosomes were cell surface labeled with AMCA-sulfo-NHS and treated with anti-VSG antibodies. The time-dependent changes in the localiza-
tion of surface-bound antibodies were measured by sectioning two-channel, deconvolved 3D images of cells (z-dimension 603 150 nm). The major
axis (x) through the cell body was automatically defined by measuring the eccentricity of the object using the IPLab software. For analysis only those
cells were chosen that were oriented in the optical plane. Along the x axis the cell surface was divided into consecutive 4 mm segments, and the
fluorescence intensity of each segment was measured and compared to the total cell surface fluorescence.
(A) Quantification of the distribution of anti-VSG antibodies on the cell surface of wild-type and transgenic bloodstream stage T. brucei. Cells were
treated as described for Figure 1B. Deconvolved 3D images were automatically scored for eccentricity and aligned for digital segmentation along the
x axis. The distribution of IgG visualized by fluorescent secondary antibodies was measured on five consecutive surface segments along the longi-
tudinal cell x axis using the blue AMCA fluorescence as a marker for the plasma membrane. Values are given as percentage of total antibody fluo-
rescence and are means ± SEM of 12 measurements.
(B) Cells were treated as in (A), incubated at 37C for 3 min, fixed, and permeabilized. Images on the left are maximum-intensity projections of rep-
resentative, deconvolved two-channel 3D data sets. Linear false coloring of grayscale images was done prior to merging of the two image channels.
Arrows indicate the flagellar pocket. The schematic drawings (right) illustrate the typical distribution of anti-VSG antibodies (green). Scale bar, 5 mm.In FLA1-depleted trypanosomes, IgG-VSG did not accu-
mulate at the posterior of the cell, but the area around
the flagellar pocket was depleted of IgG-VSG (Figures
4A and 4B, lower panels). This observation can be ex-
plained if endocytosis and subsequent IgG degradation
in the lysosome proceeded after entry into the flagellar
pocket by diffusion in the absence of motility.
The effect of the RNAi knockdowns of clathrin and FLA1
on the sensitivity to complement-mediated lysis was
tested (Figure 3C). Wild-type trypanosomes were signifi-
cantly more resistant than cells depleted of either clathrin
heavy chain or FLA1. The clathrin-depleted cells, in which
all the IgG-VSG remained on the cell surface, were more
readily killed by complement than the immotile, FLA1-
depleted cells, which have a reduced rate of internalization
of IgG-VSG.
The experiments above indicated that the direction of
cellular motility influences the movement of IgG-VSG.This assumption was experimentally tested using trypano-
somes with the direction of movement reversed following
depletion of the dynein arm intermediate chain, which
leads to reversal of flagellar beat (Branche et al., 2006).
As a result of this reversal the cells swim backward. Strik-
ingly, in these cells, IgG-VSG accumulated at the anterior
pole of the cell and was absent from the posterior cell sur-
face (Figure 5B). This means that reversal of cellular motil-
ity causes reorientation of IgG-VSG movement. The redis-
tribution of antibody-bound VSG toward the anterior pole
of the cell was fast enough to clear the surface area
around the flagellar pocket before significant amounts of
IgG-VSG could be internalized as judged by the absence
of detectable IgG in endosomes (Figure 5B). Taken to-
gether, these results suggest that the rapid redistribution
of the immune complexes requires directional motility of
the trypanosomes but is independent of endocytosis
and the actin cytoskeleton.Cell 131, 505–515, November 2, 2007 ª2007 Elsevier Inc. 509
Figure 5. The Movement on the Cell Surface of IgG-VSG Is Independent of the Actin Cytoskeleton and Is Reversed in Backward-
Swimming Cells
Following cell surface labeling with AMCA-sulfo-NHS (blue), trypanosomes were treated with 0.1 mg/ml VSG-specific IgG and incubated at a density
of 108 cells/ml for 10 min on ice. Cells were incubated at 37C for the times indicated, fixed, and permeabilized. Anti-VSG antibodies were detected
with species-specific Alexa Fluor 488-conjugated second antibodies (green). Open arrows indicate the position of the flagellar pocket. Scale bar,
4 mm.
(A) Posterior accumulation of IgG-VSG does not require actin. Actin was downregulated by tetracycline-inducible RNAi (Garcia-Salcedo et al., 2004).
After 10 hr of induction, cells reveal an enlarged flagellar pocket and arrested endocytosis; however, redistribution of IgG-VSG and uptake into the
flagellar pocket are not impaired.
(B) The swimming direction determines the route of movement of IgG-VSG on the cell surface. Trypanosomes deprived of dynein arm intermediate
chain (DNAI1) show backward motion (Branche et al., 2006) and reversed direction of IgG-VSG movement. RNAi against DNAI1 was induced for 10 hr.The Size of Antibody-VSG Complexes Determines
the Kinetics of Sorting
A physical explanation for the relationship between cell
motility and the backward directional movement of IgG-
VSG is the hydrodynamic drag force, which acts on the
VSG-bound IgG during forward swimming of the trypano-
some. If hydrodynamic forces were involved, the direc-
tional movement would be expected to depend on the
size of the surface-bound ligand rather than its chemical
characteristics. Therefore, the kinetics of surface clear-
ance for a variety of ligands of different sizes was analyzed
by flow cytometry (Table 1). Polyclonal or monoclonal IgGs
were removed from the surface at similar rates (t1/2 40 s),
while smaller anti-VSG ligands like F(ab0)2 and Fab frag-
ments were cleared at four to five times slower rates.
Streptavidin was used as an alternative ligand after limited
biotinylation of the cell surface and was cleared with similar
kinetics as Fab fragments (t1/2 170 s). In contrast, larger
ligands like anti-VSG IgM (Figure 1A) or a bispecific anti-
body complex (TAC), an aggregate of two murine IgG1
monoclonal antibodies held in a tetrameric array by two
rat anti-IgG1, were internalized two to three times faster
than IgG-VSG. The fast surface clearance of IgG or IgM
or TAC was accompanied by transient, posterior accumu-
lation of VSG-ligand complexes. In contrast, posterior ac-
cumulation was not observed for the more slowly internal-
ized ligands F(ab0)2, Fab, and streptavidin. Therefore, at
a relatively low rate of backward redistribution, endocyto-
sis is fast enough to prevent complex accumulation. Thus,
these observations are consistent with the idea of a back-
ward-directed drag force caused by the forward-swim-
ming cell, while its magnitude is a function of ligand size.510 Cell 131, 505–515, November 2, 2007 ª2007 Elsevier Inc.A further prediction of this idea is that molecular crowd-
ing of surface-bound ligands will impair the overall rate of
surface clearance, because abundant obstacles reduce
the relative velocity of the surrounding liquid close to the
surface. This was tested by increasing the amount of li-
gand bound to the cell surface from 0.1% of the VSG
dimers to about 10%. The result was an increase in
the half-time of clearance of IgG or IgM by a factor of 20
to 30 (Table S2). This observation implies that at high an-
tibody concentrations clearance of immunoglobulin from
the surface becomes inefficient.
Extrinsic Hydrodynamic Flow Forces Can Sort
Proteins on Cell Surfaces
All the data pointed toward a hydrodynamic drag force-in-
duced movement of antibody complexes on the cell sur-
face of trypanosomes. But is such a mechanism physically
possible? At first glance, this idea may seem odd, be-
cause it might be expected that continuum concepts like
viscosity break down at the small dimensions of anti-
bodies. However, the emerging view is that standard con-
tinuum dynamics is successful even at molecular scales
(Bocquet and Barrat, 1996; Qian et al., 2003; Kadau
et al., 2004; Priezjev et al., 2005). These recent studies
may provide an explanation for earlier observations that
an electro-osmotic flow of fluid suffices to directionally
move proteins in the plane of the plasma membrane
(McLaughlin and Poo, 1981; Levine et al., 1983; McClos-
key et al., 1984).
A molecular model, schematically represented in
Figure 6A, was used to estimate the strength of the drag
force acting on a single IgG-VSG. Owing to hydrodynamic
Figure 6. Hydrodynamic Flow Forces Can Drag VSG-IgG within the Trypanosome Surface Coat
(A) Schematic model of the proposed mechanism of VSG-IgG-complex movement. VSG and IgG are drawn to scale.
(B) Simulated velocity profiles for trypanosome-like bodies in capillaries of diameter of d = 8 mm or d = 20 mm.flow, a spherical particle (IgG) of radius r = 7.5 nm is mov-
ing in parallel to the trypanosome surface coat with
a mean velocity n in a bloodstream of viscosity h = 0.03
kg$m1s1. The velocity n of the IgG can be determined
by assuming a linear velocity field and no-slip conditions
(v = 0 at the coat surface). In this case we have n= rnt=R,
where nt = 20 mm/s (the mean swimming velocity of a try-
panosome), r = 7.5 nm (the radius of the IgG ligand), and
R = 3 mm (the mean diameter of a trypanosome). Therefore,
the acting drag force is FD = 6phrn= 6phr2nt=R. If
there is a certain slip of the liquid at the trypanosome
coat, n, and thus FD, will be larger by a factor (1 + b/r),
where b, the so-called slip length, characterizes the
strength of the slip (Richardson, 1973). At smooth sur-
faces, b may be easily of the same order of magnitude
as r, or even larger (Cottin-Bizonne et al., 2005). If we fur-
ther assume that the diffusion velocity is small as com-
pared to n, FD can be assumed independent of the diffu-
sive motion. It may then be described by means of
a potential U, such that FD =  gradU, or U=  FDh,
where h is the distance along the membrane surface in
the direction of the flow. At a distance h0 = kBTR=6phr
2nt
z 20 mm, where kB is the Boltzmann constant and T is
the absolute temperature, this energy equals the thermal
energy kBT at 37
C. According to Boltzmann’s law, the
probability of finding a particle at this characteristic dis-
tance h0 is 37% (1/e) that of finding it at zero distance.
Since h0 is in the order of magnitude of the trypanosome
length L, the potential due to the drag force is in fact strong
enough to generate the gradient in the distribution of IgG-
VSG on the trypanosome surface, which was observed in
the experiments. That such molecular drag forces may be
quite substantial even close to a surface is well known
(Bensimon et al., 1994, 1995) and is extensively used in
research for aligning biomolecules (Chan et al., 2006;
Dukkipati et al., 2006).
Smaller blood vessels, capillaries (diameter d z 8 mm)
and venules (d z 20 mm), have diameters in the sameorder of magnitude as the size of a trypanosome. This
similarity will influence the local flow fields in the vicinity
of the trypanosome surfaces and therefore the time scale
of the removal of IgG-VSG. The influence of these confin-
ing geometries on velocity fields was modeled by using
numerical finite element method (FEM) simulations. The
incompressible Navier-Stokes equation was solved in
two dimensions with an axial symmetry (symmetry axis
at x = 0) using about 30,000 elements (commercial soft-
ware Femlab), and a stationary solution was obtained
(low Reynolds numbers). The trypanosome was modeled
by an axial symmetric body, and the flow was simulated
by applying a constant velocity profile of nt = 20 mm/s at
z = 0 and a vanishing velocity at the trypanosome surface,
ns = 0. The simulated velocity profiles for trypanosome-like
bodies in capillaries of diameters d = 8 mm and 20 mm are
shown in Figure 6B. A decrease of the capillary diameter
would lead to a strong increase of the velocity in the vicin-
ity of the trypanosome surface. Owing to the increased
local velocity, a higher drag force acts on the IgG-VSG,
leading to faster removal of the antibodies.
DISCUSSION
Movement of Surface Proteins in Hydrodynamic
Flow Fields
The protein-sorting mechanism proposed in this paper is
based on a remarkable interplay between biochemical
and structural peculiarities of the trypanosome and pure
physical forces. The VSG coat (5 3 106 dimers per cell;
about 10% of the cellular protein) provides a homogenous
and densely packed platform from which antibodies can
protrude into the surrounding medium. VSG dimers are
anchored via glycosylphosphatidylinositol (GPI) residues
to the plasma membrane (Figure 1A), do not interact
with intracellular components such as the microtubular
cytoskeleton, and are free to move in the plane of the
membrane. In immobilized trypanosomes, VSG diffusesCell 131, 505–515, November 2, 2007 ª2007 Elsevier Inc. 511
laterally by random Brownian motion with a diffusion coef-
ficient of 1 3 1010 cm2/s, so the mean travel distance in
60 min is 12 mm, less than the average length of a trypano-
some (Bu¨low et al., 1988). This random movement cannot
explain the observed rapid redistribution of the IgG-VSG
complexes to the posterior pole (Figures 1 and 4), implying
that some force must be applied to the IgG-VSG com-
plexes. Both the abundance of VSG molecules and the
surface attachment via GPI anchors means that the active
movement of IgG-VSG complexes is unlikely to be medi-
ated by interaction with some motor located inside the
cell. The finding that the actin is not required supports
this assumption (Figure 5A).
The flagellum is attached and runs along the body, pro-
pelling the cell in the direction away from the flagellar
pocket. This causes the movement of immune complexes
by hydrodynamic drag forces in the opposite direction.
The flagellar pocket serves as a very effective sink for
immune complex internalization. As shown in this study,
the most rapid clearance occurred with IgM-VSG from
stumpy trypanosomes because of ligand size and the ac-
celerated rate of endocytosis (Table 1). This appears par-
ticularly important for survival of this nondividing stage,
which is essential for transmission to the tsetse vector. In-
terestingly, infections by trypanosomes are characterized
by the massive production of antibodies of the IgM class
(Mansfield, 1994). We conclude that besides antigenic
variation T. brucei has evolved a subtle defense strategy,
in which directional cell motility and plasma membrane re-
cycling function cooperatively in the removal of host anti-
bodies from the cell surface. In an infected animal, anti-
body removal must be continuous, and clearance of
trypanosomes can only occur when the host is producing
VSG-specific immunoglobulins faster than the trypano-
somes can degrade them. The proposed mechanism
might be one reason why trypanosomes have been se-
lected to maintain continuous high cellular motility (Broad-
head et al., 2006). While this may be regarded as a unique
adaptation of a parasite to its hostile environment, the
flow-forced movement and sorting of proteins within the
plasma membrane may well be a general organizing prin-
ciple in other biological contexts, notably the vascular sys-
tem of all animals with a pump-driven blood circulation.
Towing versus Rafting versus Sailing?
There are numerous reports on the directional redistribu-
tion of plasma membrane proteins in other cell types. Ex-
tensive crosslinking of cell surface proteins by antibodies
or lectins in mammalian cells causes the passive patching
of the molecules in the plane of the plasma membrane, fol-
lowed by an energy-dependent coalescence at one end of
the cell, a process called capping (Taylor et al., 1971;
Rosen, 1979). Cap formation appears to be restricted to
motile cells, such as fibroblasts, and requires an intact cy-
toskeleton (Bretscher, 1996). Capping has been explained
by either a polarized actin cycle or a polarized endocytic
cycle (for a review see Bretscher, 1996). Briefly, in the
polarized actin cycle, microfilaments polymerizing at the512 Cell 131, 505–515, November 2, 2007 ª2007 Elsevier Inc.leading edge push the cell forward. Backward-moving fil-
amentous actin hooks up with patched membrane pro-
teins on the cell surface, pulling the patches toward the
posterior part of the cell, where actin depolymerizes and
the cap forms. The alternative hypothesis, the polarized
endocytic cycle, postulates that exocytosis at the leading
edge locally extends the cell surface. Because endocyto-
sis occurs randomly on the cell surface, a lipid flow is gen-
erated in the plasma membrane from the rear to the front
end of the cell. This flow of plasma membrane transports
patched surface proteins by default toward the back of the
cell and the cap forms.
There are arguments in favor of either the actin cycle
(‘‘towing’’) or the endocytic cycle (‘‘rafting’’), but there is
not a single case where either mechanism has been
proven. The purely hydrodynamic sorting (‘‘sailing’’) con-
sidered here depicts a very different scenario, as neither
the actin nor the endocyctic cycle can account for the re-
sults. The redistribution of IgG-VSG is independent of both
actin and endocytosis. In contrast, it critically depends on
the size of the bound ligand, while patching and capping
depends primarily on the valency of the ligands. Due to
the dense packing of VSG in the surface coat, patches
do not form. Viscosity or extracellular obstacles sustain
directional swimming and IgG-VSG movement, an obser-
vation not expected to influence capping. Finally, reversal
of the swimming direction reorients the movement of IgG-
VSG. This can be explained neither by exo-/endocytic
membrane flow, which in trypanosomes is highly local-
ized, nor by the action of the cytoskeleton. We do not be-
lieve that our hydrodynamic model explains the capping
on motile mammalian cells because their locomotion is
generally too slow. But there may be fast-moving cells
where the hydrodynamic flow influences the rate of cap-
ping, and experiments along the lines described in this
paper may be revealing.
EXPERIMENTAL PROCEDURES
Trypanosomes
Throughout this study the monomorphic T. brucei variant MITat 1.2
(Cross and Manning, 1973) and the pleomorphic strain AnTat 1.1 (De-
lauw et al., 1985) were used. Pure populations of stumpy trypano-
somes were obtained as described (Engstler and Boshart, 2004).
The generation of transgenic cell lines for tetracycline-inducible RNA
interference of clathrin heavy chain and FLA1 has been described ear-
lier (Engstler et al., 2005). The clathrin heavy chain or the FLA1 protein
was downregulated by a 12 or 8 hr incubation in the presence of 1 mg/ml
tetracycline at 37C, respectively. The actin and DNAI1 (dynein arm
intermediate chain) RNAi cell lines were generated using published
constructs (Garcia-Salcedo et al., 2004; Branche et al., 2006). Analysis
of the transgenic trypanosomes was done 24 and 10 hr after induction
with tetracycline, respectively.
Immunofluorescence Analysis
Bloodstream stage Trypanosoma brucei (strain MITat1.2) were culti-
vated in HMI-9 medium (Hirumi and Hirumi, 1989) containing 10% fetal
calf serum, at 37C in an atmosphere of 5% CO2 in air. Cells were har-
vested at a density of 8 3 105 cells/ml by centrifugation at 1400 3 g
and 4C for 10 min. After three washes with ice-cold trypanosome
dilution buffer (TDB; 5 mM KCl, 80 mM NaCl, 1 mM MgSO4, 20 mM
Na2HPO4, 2 mM NaH2PO4, 20 mM glucose [pH 7.4]), the cell density
was adjusted to 1 3 108 cells/ml, and incubation with 1 mM AMCA-
sulfo-NHS (Pierce, Rockford, IL) was performed for 10 min on ice in
the dark. The reaction was stopped by the addition of 10 mM Tris-Cl
(pH 8.5). After three washes with 2 ml of ice-cold TDB, 1% BSA, the
cell suspension was adjusted to the density desired, treated with var-
iant-specific anti-VSG antibodies, and washed. Aliquots of 50 ml were
added to 450 ml of prewarmed (37C) HMI-9 containing 50% fetal calf
serum, and endocytosis was allowed for the times indicated, followed
by two washes with ice-cold TDB. Throughout the procedure the cell
viability was monitored by microscopy. Cells were fixed with 4% form-
aldehyde in PBS for 24 hr at 4C. Permeabilization of trypanosomes
was achieved by 15 min incubation in 500 ml of 0.1 M Na2HPO4/1 M
glycine (pH 7.2), followed by 5 min incubation in 1 ml of 0.05 M
Na2HPO4/0.5 M glycine/0.1% Triton X-100 (pH 7.2). As secondary re-
agents, specific Alexa Fluor-conjugated antibodies (1:2000, Molecular
Probes) were diluted 1:1000 in PBS, 1% BSA.
Image Analysis
Image acquisition was performed with a motorized Zeiss Axiophot2
widefield microscope equipped with a Zeiss 633/1.4 NA Oil DIC objec-
tive, a 1.6–2.53 optovar, and the CoolSnap HQ cooled (30C) CCD
camera (Sony ICX285 interline, progressive-scan CCD; Photometrics).
For acquisition of 3D images, a PIFOC objective z-stepper was driven
by the piezo-amplifier E662 LVPZT (Physik Instrumente). The micro-
scopic setup was integrated and controlled using the scripting fea-
tures of the IPLab for Macintosh software (version 3.9, Scanalytics,
Fairfax). For all images the exposure times were automatically ad-
justed to the desired maximum intensity signals, guaranteeing that
no overexposure occurred. 3D images were acquired using the opti-
mal sampling density derived from the optical setup, and the respec-
tive fluorophor (z-step sizeR 503 100 nm). The point spread function
of the microscope was measured using fluorescent 0.17 mm micro-
spheres (PS-Speck Microscope Point Source Kit, Molecular Probes,
Eugene, OR). Following image acquisition, the raw data were exported
to the Huygens Essential software (version 2.9 for Mac OS X, Scientific
Volume Imaging B.V., Hilversum), and digital deconvolution was per-
formed using the ‘‘maximum likelihood estimation’’ (MLE) algorithm
(>40 iterations). The restored image data set was visualized and ana-
lyzed with the Imaris software package, featuring the ‘‘Surpass’’ and
‘‘Coloc’’ modules (version 4.1.1 for Windows, Bitplane AG, Zurich).
Antibody Clearance Assays
Cells were surface labeled with AMCA-sulfo-NHS and incubated on
ice for 10 min with specific antisera or immunoglobulins. AMCA-
sulfo-NHS specifically stains the surface coat of live cells, while
impaired or dead trypanosomes display a bright intracellular fluores-
cence. Following incubation at 37C for varying times in HMI-9
medium containing 50% fetal calf serum, trypanosomes were chemi-
cally fixed with 4% formaldehyde. Cell-associated antibodies were de-
tected with species-specific Alexa Fluor secondary antibodies (Molec-
ular Probes). The time- and temperature-dependent localization of IgG
was determined by semiautomatically scoring images of >300 cells for
each time point. For visualization of endocytosed, VSG-bound anti-
bodies, fixed trypanosomes were permeabilized with 0.1% Triton
X-100.
For quantification of cell surface-bound antibodies, Alexa Fluor 488-
conjugated secondary antibody was used, and fluorescence intensity
was measured by flow cytometry. Clearance is expressed by the half-
time of antibody decrease from the trypanosome cell surface. Data are
means ± SEM (n = 4). For comparing the rates of surface clearance of
IgG and IgM, trypanosomes were treated with varying amounts of im-
mune serum containing rabbit anti-VSG IgG or carp anti-VSG IgM. Fol-
lowing incubation at 37C for various times, surface-bound proteins
were detected on fixed cells either directly or with fluorescently labeled
secondary antibodies, and fluorescence quantification was done by
flow cytometry.Trypanosomes were surface biotinylated and incubated on ice with
equal amounts of either affinity-purified anti-VSG IgG (0.2 mg/ml), the
corresponding F(ab0)2 or Fab fragments, a mouse monoclonal anti-
biotin antibody (Cy3-labeled), Alexa Fluor 594-conjugated streptavidin
(Molecular Probes), or a tetrameric antibody complex (TAC; StemCell
Technologies). The bispecific TAC consists of mouse monoclonal
anti-biotin and anti-dextran IgG1 molecules linked by two rat monoclo-
nal anti-mouse IgG1 molecules. An aliquot of the TAC-treated cells
was incubated for another 10 min on ice with 2 mg/ml Cy3-conjugated
dextran (M 10,000). The cells were warmed to 37C and chemically
fixed in intervals of 10 s with 4% formaldehyde, 0.05% glutaraldehyde.
TACs were visualized with Cy3-conjugated dextran (M 10,000). For
each time point microscopic images of >300 cells were recorded,
and cell surface fluorescence was quantified by automated inten-
sity segmentation (Gru¨nfelder et al., 2002). Data are means ± SEM
(n = 5).
Complement Lysis Assays
Cells were incubated for 10 min on ice in HMI-9 containing 50% fetal
calf serum, in the presence of anti-VSG IgG, and washed. The temper-
ature was raised to 37C, and at the times indicated, 0.3 volumes of
guinea pig serum (PromoCell) was added as a source of complement
together with 1 mM AMCA-sulfo-NHS, and incubation was continued
at 37C for 25 min, followed by washing and chemical fixation. For
each time point microscopic images of >300 cells were analyzed by
automated fluorescence threshold segmentation. Dead cells were de-
tected by strong intracellular AMCA fluorescence, while viable try-
panosomes revealed characteristic cell surface fluorescence only.
Values are means ± SEM (n = 4).
Purification and Quantification of Immunoglobulins
IgG-containing rabbit anti-VSG serum was loaded on Protein G cross-
linked 4% beaded agarose fast flow, equilibrated in 20 mM sodium
phosphate buffer (pH 7.0). Following washing with 4 column volumes
of 20 mM sodium phosphate buffer (pH 7.0), elution of IgG was done
at slow flow rates with 2 column volumes of 100 mM glycine-Cl (pH
2.7). The IgG-containing eluate was adjusted to pH 7 with 0.1 N
NaOH. The yield of anti-VSG IgG was determined by quantitative west-
ern blotting using purified rabbit IgG (Jackson ImmunoResearch) as
standard. The quantity of antibody bound to live trypanosomes was
estimated by incubating cells with varying amounts of VSG-specific
IgG (0–2 mg). Following centrifugation the IgG concentration in the
supernatant was determined by quantitative western blotting. Try-
panosomes expressing a different VSG variant served as specificity
control. The number of bound IgG molecules was calculated assuming
that a single trypanosome displays 107 VSG molecules on the cell
surface.
Anti-VSG IgM was produced in carp. The fish (R33 R8) were an off-
spring of a cross between the Hungarian strain R8 and the Polish strain
R3. Eight carp weighing between 650 and 950 g were immunized with
400 mg each of purified VSG in incomplete Freund’s adjuvant. Four an-
imals each were immunized intramuscularly and intraperitoneally. The
second immunization was after 6 weeks. The first bleeding was after 9
weeks, and the second bleeding was 2 weeks later. The specificity of
the IgM-containing carp sera was tested by immunofluorescence anal-
ysis using the mouse monoclonal anti-carp IgM WCI-12 diluted 1:500
as second antibody and the respective preimmune sera as control.
Anti-VSG IgM was purified using the ImmunoPure IgM Purification
Kit (Pierce) following the instructions provided by the manufacturer.
The yield and purity of IgM were determined by quantitative western
blotting.
Supplemental Data
Supplemental Data include three figures and two tables and can be
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